The composition of cloud droplet nuclei was compared to the composition of ambient aerosol particles in non-precipitating clouds in different regions. Single-particle electron microscope techniques were used to identify particle types. The smallest particles (<0.2 µm diameter) exhibited a dependence of composition on nucleating ability, with salts (chlorides and sulfates of Na, K, Ca and Mg) being preferred nuclei types, followed by ammonium sulfates and organics. Crustal and industrial metals were less likely to be incorporated into cloud droplets. However, for experiments where only larger particles were sampled, a weaker dependence on composition was found. This suggests that larger particles have sufficient soluble material to nucleate despite their primary type. Both size and composition seem to be important, with composition becoming increasingly important as smaller particles activate at higher supersaturations in the cloudy environment.
Introduction
The concentrations and types of aerosol particles in the Earth's atmosphere have changed dramatically since the beginning of the industrial age (Lefohn et al 1999) . Knowledge of how these often complex aerosol types impact cloud formation and development is needed to understand global climate change (IPCC 2007) . The cloud nucleating ability of atmospheric aerosols is dependent on the number of soluble ions per particle. As Dusek et al (2006) point out, this is proportional to the third order of dry particle size, making size a powerful determinant of cloud nucleating ability. However, Hudson (2007) showed that similar sized particles in different low-level air masses can exhibit a wide range of critical supersaturations, arguing that composition is also very important.
Both of the above studies utilized instruments simulating cloud formation and growth to measure cloud nucleating abilities of ambient aerosol particles. Here a different approach is presented: actual cloud droplet residual nuclei are collected and examined by electron microscopy with x-ray analysis to determine their composition. First, the four field projects are introduced and sampling methods are presented. In section 3, we focus on relative differences in composition between individual ambient and droplet residual particles in similar size ranges for each project. In the next section, results for all projects are condensed and organized in relation to particle size range. In section 5, we discuss how particle size and composition together may influence droplet nucleating ability.
Sampling methods
Data presented are from four different research projects. The second Dynamics and Chemistry of Marine Stratocumulus field study (DYCOMS-II) focused on stratocumulus clouds in the northeastern Pacific. The Indian Ocean Experiment (INDOEX) sampled tropical small cumulus clouds in the Indian Ocean. In the Rain in Cumulus over the Ocean project (RICO), small cumulus clouds in the Caribbean Sea were investigated. Finally, the second Alliance Icing Research Study (AIRS-II) studied low-level winter storm clouds in the midwestern United States.
All flights were during daytime hours (except one DYCOMS-II fight shown here) and measurements were made from the US National Science Foundation's C-130 research aircraft.
Different types of cloud residual nuclei were collected using a counterflow virtual impactor (CVI). The CVI separates individual cloud droplets from interstitial aerosol and gases, collecting them within a small flow of high-purity dry nitrogen without contact with inlet surfaces. Water is then evaporated, leaving the non-volatile residual particles from individual droplets and water vapor in the sample line (Ogren et al 1985) . The residual particles can then be measured by different singleparticle or bulk analysis techniques. The effective droplet sampling size range for the CVI at C-130 altitude and airspeeds is between about 8 and 50 µm diameter. CVI residual particles will sometimes be called 'nuclei' for brevity, while actually they may differ from the original condensation nuclei due to coalescence or in-cloud chemical reactions. (Ogren and Charlson (1992) presented a detailed analysis of how incloud processes may affect the size and composition of cloud condensation nuclei (CCN) within droplets.) Ambient aerosol particles were collected either using a dedicated aerosol inlet or through the CVI inlet by turning off the counterflow and allowing it to function as a simple aerosol inlet. All internal surfaces of the CVI inlet are composed of stainless steel, and the inlet was heated to 50
• C during droplet evaporation. A round-jet impactor (Rader and Marple 1985) allowed some separation of the aerosol by size. For DYCOMS-II and RICO, a 3-stage impactor was used, while for AIRS-II, a 2-stage impactor was used. At typical sampling pressures of 850 mb, the smallest stage of the three-stage impactor collected particles between about 0.05 and 0.20 µm at unit density, or 0.03-0.13 µm for 1.7 g cm −3 density particles, which would be typical of nearly dry ammonium sulfate or bisulfate. The smallest stage of the two-stage impactor collected 0.17-0.65 µm diameter unit-density spherical particles, or 0.11-0.48 µm diameter for 1.7 g cm −3 density particles. Particles were impacted onto transmission electron microscope grids (copper or nickel coated with carbon or silicon monoxide, depending on the focus of the experiment) and were analyzed via transmission electron microscopy (TEM) with energy dispersive x-ray spectrometry. Elements with atomic numbers of 6 (carbon) and greater are detected by this technique, although volatile organics and nitrate vaporize under the vacuum environment of the microscope. For DYCOMS-II, INDOEX and RICO, samples were also collected onto Nuclepore filters and analyzed via automated scanning electron microscopy (SEM). The SEM collection and analysis technique is most sensitive to particles with physical diameters larger than 0.2 µm diameter, with efficiency dropping off to near zero at about 0.1 µm diameter for beam sensitive materials such as ammonium sulfate. Therefore, it is more representative of the larger particles relative to the TEM technique. Samples were typically three to ten minutes long (corresponding to 20-70 km horizontal extent). Approximately 100 particles were randomly selected and analyzed per sample for TEM from grid squares that were not too heavily loaded. 500-1000 particles were analyzed per sample for the SEM. Particles were classified as in Twohy and Poellot (2005) into seven primary types: crustal dust, organics, soot, sulfates, industrial metals, salts, and mixtures of the above. Details of this categorization are reproduced in table 1. Note that 'salt' as used in this paper refers to chlorides and sulfates of Na, K, Ca and Mg, with sodium salts being the most common. Ammonium sulfate/bisulfate and sulfuric acid are categorized separately as 'sulfates'. It is difficult to detect small amounts of carbon in primarily sulfate particles, due to the carbon grid coating and the strong absorption within the samples (Li et al 2003) . Small amounts of sulfur were often detectable in primarily organic particles, however, and if there was a carbon signal well above the background, these were still categorized as organic.
Only data from non-precipitating, liquid clouds are presented here. First, this restriction allows us to focus on characteristics of cloud condensation nuclei and not ice nuclei. Second, the potential complicating effects of droplet coalescence are minimized by not including clouds with larger drops. Finally, possible sampling artifacts that may occur with high-speed sampling of large drops and ice (Weber et al 1998 , Twohy et al 2003 are minimized. Non-precipitating clouds were chosen using two criteria. First, the mean CVI residual number concentration (using a condensation nucleus counter) had to be approximately the same or lower in magnitude than the cloud droplet number concentration (using the airborne forward scattering spectrometer probe, which measures droplets from approximately 3 to 47 µm diameter). As an additional requirement, the large drop number concentration (>about 200 µm diameter) measured by the 2D-P optical array cloud probe had to be near zero. For the AIRS-II project where supercooled clouds were sampled, images from the cloud particle imager (CPI) were also examined in order to exclude times when ice crystals were observed.
Results

Eastern Pacific stratocumulus
The first set of results shown are for stratocumulus clouds in the Eastern Pacific, as described in Stevens et al (2003) . DYCOMS-II samples were taken on two flights on 18 July 2001 and 26 July 2001, representing nighttime and daytime flights, respectively. Based on accumulation-mode aerosol concentrations, Twohy et al (2005b) classified 18 July (flight 5) as having an intermediate pollution level and 26 July (flight 8) as being clean. An ambient sample was taken on each flight below the stratocumulus layer in the same geographical location as the in-cloud samples, but the ambient and cloud samples were separated in time by an hour or more. Figure 1 shows the per cent by number of various particle types identified via TEM, where data from both flights have been averaged. On the left is the composition of the belowcloud ambient aerosol, on the right is the composition of the cloud droplet residual particles. Only particle data from the smallest stage of the 3-stage impactor are presented here. Particles in the larger size ranges are present in lower number concentrations and while they contribute most of the solute mass, they are not as important in determining droplet number and microphysical characteristics as the smaller particles. For example, Öström et al (2000) found the mode diameter for stratocumulus residual nuclei in this region to be about 0.17 µm diameter, with about 75% of the nuclei being smaller than 0.20 µm diameter.
It is apparent that most of the smallest particles in the ambient aerosol are composed of sulfate. Many sulfate particles in the atmosphere actually also contain carbonaceous material (Murphy et al 1998 , Guazzotti et al 2001 , which may not be detectable with the standard analysis used here. Using high resolution imaging and electron energy loss spectroscopy (EELS) as in Twohy et al (2005a) , we were able to verify that at least some of the sulfur-containing particles were internally mixed with organics, as shown in figure 2(a). Also, filter samples revealed that a substantial portion of submicron aerosol mass in this region is composed of organic carbon (Hawkins et al 2008) .
Particles in this size range, however, were also externally mixed. Besides sulfates and organics, other particle types present included salts, soot, industrial metals and crustal material. Figure 2 (b) shows particles from flight 5 where sulfate, organics, soot, and crustal material were all identified in this image frame.
The salts were sodium-rich and primarily sea-salt derived, while a much smaller percentage were potassium or calcium salts. Some of the sea-salt was reacted with sulfate or nitrate. Both SEM and TEM analysis showed that sea-salt predominated over sulfate in the larger sized particles (>about 0.2 µm). While air mass trajectories from both flights were predominately from the northwest (oceanic), Heintzenberg et al (2000) showed that most of the Northern Hemisphere marine boundary layer is polluted, even removed from local sources. A few small particles contained iron and were classified as industrial, but could have been crustal in origin as well. Most of the particles categorized as crustal contained silicon, without detectable soluble material like sulfur or chlorine. Soot was also present in substantial percentages in this size range, but only had detectable sulfur about 25% of the time. (The 'other' category represents particles which did not clearly fit into any of the categories above, or for which no elements were able to be detected, such as volatile organics or nitrates.)
The small droplet residual nuclei in DYCOMS-II (right side of figure 1) were dominated by salts, primarily sodium based. Sodium chloride has a lower critical supersaturation than most particle types of the same size; thus it is favored in the droplet nucleation process. For example, assuming full dissociation, a 0.1 µm dry diameter ammonium sulfate particle has a critical supersaturation of 0.15%. The same sized sodium chloride particle has a critical supersaturation of only 0.11%, primarily a result of its lower molecular weight (Seinfeld and Pandis 1998) . To achieve this decrease in critical supersaturation for the same particle composition, about a 20% increase in dry particle diameter would be required.
Sulfates are also prevalent in the droplet nuclei category. While some of the other particle types were found in the droplet nuclei, there were fewer of them in this size range than in the below-cloud aerosol. This is expected for crustal dust and soot particles if they are small and not coated with substantial soluble material. While many experimental studies suggest that organic components in aerosols can act as cloud condensation nuclei (Novakov and Penner 1993 , Russell et al 2000 , Twohy et al 2005a , the non-volatile organics in this region are apparently less effective CCN than sulfates.
Caribbean sea small Cumulus
The RICO sampling site in the Caribbean (Rauber et al 2007) was selected to be in clean marine air. Samples were collected on SiO-coated grids instead of C-coated to allow better detection of carbon in the marine aerosols. For the one flight presented here (7 Jan 2005, flight 11), however, high concentrations of industrial metals, particularly aluminium, were present in the small aerosol particles (figure 3). The source is likely processed bauxite (alumina); bauxite processing was active in Jamaica, Guyana and St Croix in 2005. Other metals observed were iron, copper, titanium and nickel. No pure sulfate particles were observed on this day, and very little sulfate was detected mixed with the other particle types. Back trajectories for this flight were from Saharan Africa, and so may not be representative of most tropical marine environments. However, substantial amounts of organic carbon were present. The relatively high percentages of mixed particles were usually various metals or salts mixed with carbon. Crustal types included calcium carbonate, silicates and barium sulfate (barite). Barite has been observed in African dust reaching the Caribbean but it is also possible that it had an industrial source, such as mining or oil drilling.
The right plot in figure 3 shows that in the Caribbean small cumulus cloud sample, as in the Eastern Pacific stratocumulus, sea-salt was the most favored nuclei type. The second most prevalent particle type was organic. While there were many industrial metal particles (primarily bauxite) in the ambient aerosol, only a small proportion of them were incorporated into the liquid clouds. A moderate proportion of the mixed particle types were present in the droplet residuals and these were mostly salts or metals mixed with organic material. Mixed particles could form in-cloud through coalescence or chemical reactions as well as by acting as CCN. No crustal particles in this size range were found in the clouds. This may be because very few of the ambient crustal particles contained detectable sulfur except the barite, which is insoluble.
Automated SEM was also used to analyze larger particle types (>approximately 0.2 µm diameter) collected on filters. More than 95% of these were found to be sea-salt, or seasalt aggregated with alumina. The remaining few per cent were unassigned (probably carbonaceous) or aluminosilicates (crustal). No significant differences were found in this larger particle size range between the ambient and droplet residual samples.
Indian Ocean small Cumulus
In INDOEX (Ramanathan et al 2001) , small cumulus clouds were sampled in two different air masses over the Indian Ocean: polluted air downwind of India (27 Feb 2001) and clean air south of the Intertropical Convergence Zone (24 Mar 2001). The two cases are the same ones where critical supersaturation measurements were presented in Twohy et al (2001) . Quantitative information from the small impactor stage was not available for this sample, so only results from the automated SEM, for larger particles, are presented. Large organic and soot particles can be sized but not distinguished or analyzed chemically by the SEM technique, so those particles are simply denoted as 'carbonaceous' here. Figure 4 shows results for the 'clean' marine air mass. Most particles in this size range were various forms of sea-salt (about 25% of them were reacted with sulfate to predominately sodium sulfate). Most of the 'mixed' particle category represents sea-salt aggregated with industrial metals like copper and aluminium. Large particles in the clean air mass were devoid of crustal material but had some non-volatile carbonaceous material. The droplet residual composition was quite similar to the below-cloud composition, although there was a greater fraction of 'mixed' particles. As discussed before, this could be due to in-cloud processes like diffusion scavenging or coalescence. The droplet median volume diameter in the clean cloud was about 17 µm as opposed to only 14 µm in the polluted cloud, so some coalescence may have occurred in the clean case although these droplets are still fairly small. Since most of the mixed particle types are predominately sea-salt, the total percentage of sea-salt in this size range in the droplet residues (89%) is about the same as that in the ambient aerosol (88%).
In the polluted Indian Ocean sample (figure 5), carbonaceous aerosols dominated the ambient aerosol, followed by sulfates. Twohy et al (2005a) showed via TEM and EELS that the carbonaceous aerosols were mostly organic, although some were internally mixed with soot. Also, EELS showed that many of the particles that would be simply labeled as 'sulfate' via traditional x-ray techniques were often sulfate/organic internal mixtures, as in figure 2. There was also a modest contribution by salts and mixed particle types to the ambient aerosol. The droplet nuclei results indicate that when available, sea-salt was still a preferred nucleus over all the other materials. Surprisingly, the organic aerosols in this airmass seem to be slightly better droplet nuclei than the particles identified as sulfate, possibly due to reduced surface tension (e.g., Facchini et al 2000) or nitrogen functional groups (Twohy et al 2005a) . Also, there is a slightly higher percentage of industrial metals in the droplet nuclei than in the ambient aerosol, suggesting that even these particle types can act as nuclei if they are large enough.
Wintertime layer clouds over the midwestern US and Canada
In the Alliance Icing Research Study-II, wintertime clouds in the US Great Lakes region and southern Canada were investigated during November and December of 2003. Seven ambient samples and five liquid cloud residual samples were analyzed, spanning a temperature range from −10 to +6
• C. The complexity of the AIRS-II storm systems meant that it was difficult to know exactly what air was feeding clouds in different layers. Also, flight patterns and cloud bases were such that below-cloud aerosol could not be reliably sampled on every flight and so sometimes aerosol samples were taken in clear air between or above-cloud layers. A more statistical approach has therefore been taken to this data set by averaging together results from all cloud samples and also results from all ambient samples. This can be justified in part by noting that despite different flight dates and the relatively small number of particles analyzed, the in-cloud residual composition within this polluted region was remarkably consistent for the five flights sampled (figure 6). The plot shows that sulfates dominated in all five samples, with various small contributions from the other particle types. The back trajectories from the first four cloud samples were west/southwesterly over polluted regions of the United States. The last sample had a more west/northwesterly trajectory over Canada, which likely accounts for its slightly different composition. The ambient particles showed a little more variability in composition than did the in-cloud samples, but there was no consistent variation with height. In fact, the above-cloud samples were more similar to the below-cloud samples than to the between-layer samples. As a result, all three sets (7 samples) of ambient sample types from different days in the region have been averaged, and five samples for droplet residuals were averaged. Figure 7 shows the averaged sample information for AIRS-II ambient (left) and cloud residual particles (right). Note that these samples were collected with the second stage of the two-stage impactor, with an aerodynamic particle size of 0.17-0.65 µm. These results then pertain more to larger particle sizes than those collected with the smallest stage of the three-stage impactor used in DYCOMS-II and RICO (0.05-0.2 µm). The ambient particles in this size range were composed primarily of sulfates and organics, with some salts and other material. Most of the particles classified as organics contained detectable sulfur. Particles in the 'Other' category were primarily unidentified particles which were quite volatile, probably nitrates and volatile organics which are under-represented. The salt percentage is smaller than for the marine environments of DYCOMS-II, RICO and INDOEX, and the types of salts were different. Instead of being dominated by sodium salts, the AIRS-II salts were mostly calcium and potassium salts. The latter were possibly from biomass burning, although little carbon was detected with them. The crustal particles were primarily silicates, while the industrial particles were a variety containing metals such as Fe, Cu and Ni. Mixed particles were typically sulfates mixed with metals.
The larger particle types incorporated into cloud in this polluted region were primarily sulfates, which appear to be slightly favored as droplet nuclei. Organics were the next most common nuclei type, but were present in slightly lower percentages relative to the ambient aerosol partitioning. Salts were present but unlike other projects, were not enhanced in droplets relative to sulfates. This is probably because the sodium salts were less prevalent in this region, being replaced by less soluble calcium and potassium salts. Mixed particle types were slightly enhanced in the droplets. Since they often contain both soluble and insoluble material, they could be important as potential ice nuclei in wintertime clouds.
Two additional cloud samples were taken during AIRS-II after increasing the CVI cut size to a minimum of about 20 µm diameter to sample only the larger droplets in the cloud. Large droplets are those that nucleate on particles at the lowest critical supersaturations (see, e.g., Twohy et al 1989, Ogren and Charlson 1992) . The residuals of larger droplets should therefore be indicative of which particle types, if any, are favored as CCN. The two samples from the largest drops were not substantially different from the liquid clouds where all droplets were sampled but had slightly more sulfates (73% versus 66%) and salts (13% versus 6%). The organic percentage dropped from 10% to 6%. 
Comparison of relative scavenging efficiencies in different regions
Results from the four different studies using the CVI were composited to evaluate what aerosol types are most involved in nucleation in liquid clouds (table 2). For each chemical type, the ratio of droplet residual per cent by number to ambient per cent by number was calculated to obtain a relative scavenging efficiency. Since this is based on percentages and not absolute number concentrations, it is not an absolute scavenging efficiency, but is efficiency relative to other particle types. It represents how efficiently particle types are incorporated into droplets through nucleation scavenging (always present in the droplet residuals if non-volatile), or possibly additionally through diffusional scavenging processes or chemical reactions such as sulfate production. Since only non-precipitating clouds were included in the data set, the influence of coalescence or precipitation scavenging should be minimal. Efficiencies larger than one will occur if particle compositions are more likely to be incorporated into cloud drops than other types. SEM data for DYCOMS-II and RICO, which showed almost entirely salts in the larger sizes, are not included in the table.
The values in each column are the scavenging ratios for each individual project, averaged over available flights. The first two columns are for the two projects where smaller particles were sampled with the 3-stage impactor (DYCOMS-II and RICO), and the second two columns are for the two projects where larger particles were sampled (INDOEX and AIRS-II). It is important to stress that a high ratio does not necessarily mean that the particle type dominates the droplet nuclei, only that if present in the atmosphere, it is likely to be preferentially scavenged relative to other particle types. Figure 8 summarizes the results in bar chart format, where the main bars are the averages for the projects in each size group and the arrows show the ranges.
Discussion and conclusions
These results show that a wide variety of particle types exist in different regions around the world. The concept of a homogeneous, internally mixed aerosol is not borne out by any of the data sets, except perhaps the larger particles in clean marine conditions. Particles that are incorporated into cloud also show a range of particle types. The four data sets used in this paper include not only different regions and pollution levels, but different cloud types expected to exhibit different dynamical forcings and therefore, cloud supersaturations. Accordingly, results for individual regions and cloud types have been presented and discussed independently, above. Despite these differences, there seems to be some preference for certain compositions within droplets, related to particle size, as discussed below. Based on the overall summary in figure 8 , the smallest droplet residual nuclei show a greater tendency for activation of salts, particularly those derived from sea-salt, over all other particle types. Sea-salt has a low critical supersaturation and is also important since it provides a surface for reaction of sulfur gases that would otherwise form new CCN. This can change the microphysics of marine clouds (O'Dowd et al 1999 , Ghan et al 1998 . Sulfate and organics are also usually both present in droplet nuclei in large percentages. Not only are many organics water soluble (Fuzzi et al 2002) , but also they can be internally mixed with various amounts of inorganic material. On average, particles that are primarily organic were scavenged with similar efficiencies as particles that were primarily composed of sulfates. There was, however, a wider range of scavenging ratios for organics, probably reflecting their great diversity of types in the atmosphere. The data also indicate that small soot, crustal material and industrial metals are incorporated into clouds with lower efficiency than the other, more soluble particle types. However, they are still present in small percentages in the droplet nuclei, and may become important if coated with small amounts of soluble material and supersaturations are high enough to activate them. These primarily insoluble types may also be important for ice formation in cold clouds (Cziczo et al 2004) , since ice concentrations are typically orders of magnitude lower than droplet concentrations.
Results for larger particles (bottom of figure 8 ) are somewhat different. Here, mixtures of various types, including salts with industrial metals, crustal with sulfates, etc are more common in droplet residuals than in ambient air. These likely have enough soluble material to act as CCN, although some of this internal mixing may be due to in-cloud processes. Large salts, sulfates and organics are all generally scavenged with high efficiency. The ratio for industrial metals is based on only one set of samples from the INDOEX experiment, but is surprisingly high. This could reflect the ability of even insoluble particles to activate if large enough and wettable (e.g., Koehler et al 2007) ; also possible is that they contain some soluble material, such as nitrate or volatile organics, that was not detected in this analysis. Insufficient data was available from these projects to determine scavenging ratios for crustal particles and soot in the large particle size range. However, more recent data collected downwind of the Sahara indicates that crustal material larger than about 0.1 µm diameter can be slightly hygroscopic and effectively incorporated into cloud droplets under the right conditions .
Overall, these results indicate that composition is less important for larger particles than for smaller particles. Generally, larger particles activate at lower supersaturations and therefore participate in droplet formation in most clouds. Even relatively small percentages of soluble material can markedly reduce supersaturation for large particles (e.g., Koehler et al 2007) . Hawkins et al (2008) showed evidence that both soluble and insoluble species in particles larger than 0.2 µm were incorporated into droplets in similar percentages as those in the ambient aerosol.
For smaller particles, activation efficiency will depend on composition as well as size, with sodium salts being the most important, sulfates and organics next, and insoluble types like soot, crustal dust, and industrial metals activated only if they are mixed with sufficient soluble material. The threshold below which composition becomes important will depend on the supersaturation achieved in the cloud. Less composition dependence is expected for clouds with higher supersaturations and more for clouds with weak updrafts, such as shallow stratocumulus clouds. Since additional CCN reduce the maximum supersaturation produced in a cloud Charlson 1992, Twohy et al 2001) , composition will also be more important in polluted environments, as long as the aerosol remains externally mixed to some extent. Most current detection methods tend to be biased toward measurement of larger particle sizes. Future studies should focus more on smaller particle sizes (<0.1 or 0.2 µm), where composition seems to be an important determinant of cloud nucleating ability.
